Abstract-The high charge carrier mobilities of hybrid inorganic-organic lead halide perovskites has previously been linked to ferroelectric domain formation due to alignment of organic cations within films.
I. INTRODUCTION
Hybrid organic-inorganic lead halide perovskites films are finding prominence as the photoactive layer in optoelectronic devices, [4] due to low associated production costs and remarkable power conversion efficiencies (> 15%) despite the significant spatial disorder on nanometer to micron length scales. Perovskites also possess other key properties necessary for photovoltaic materials such as excellent absorption crosssections that penetrate into the near-infrared part of the electromagnetic spectrum, > 1 μm carrier diffusion lengths, and tunable bandgaps. [5] The precise interactions that give rise to these desirable properties, however, remains unclear. Organic lead iodide perovskites take the chemical formula XPbI 3 , where X is a small organic cation. The cation is caged within an inorganic lattice comprised of a cube of lead cations with an iodide octahedron around each lead cation. Despite a simple chemical structure, hybrid inorganic-organic lead halide perovskites have been shown to be complex materials that support a plethora of dynamical processes essential to their photovoltaic performance. These phenomena operate over a multitude of timescales and include; organic cation rotation, [6] and octahedral distortions. [7] Several studies indicate that the interaction of dipoles between adjacent organic cations leads to macroscopic orientation and facilitates chaperoning of nascent carriers, and reducing carrier recombination rates. [1] , [2] In this work, we investigate the vibrational dynamics associated with the formamidinium cation (NH 2 CHNH 2 + , FA + ) in formamidinium lead iodide perovskite (FAPbI 3 ) thin films and elucidate the influence of rotational re-orientation timescale of FA + on the photo-physical material properties using two-dimensional vibrational spectroscopy (2DIR). Time-resolved infrared spectroscopy (TRIR) measurements were also used to probe the effect of photo-induced electron and hole charges on the organic cation. In both instances the strong mid-infrared peak centred at 1713 cm -1 associated with the C-N antisymmetric stretching vibration of FA + was used to probe the inorganic lattice-molecular cation interactions.
II. METHODS
FAPbI 3 thin films were synthesised using modified previously reported procedure. [8] X-ray diffraction measurements confirmed the perovskite samples were present in their cubic phase. Samples were freshly prepared prior to ultrafast measurements and rastered throughout experiments.
2DIR measurements were performed using the LIFEtime spectrometer at the Rutherford Appleton Laboratory. [9] Broadband mid-infrared ultrafast pump and probe laser pulses (central frequency = 1720 cm -1 ) were used for the mixed timefrequency domain measurements. [10] 2DIR correlation spectra for many values of the waiting time, t 2 . Measurements were performed with pump and probe pulses aligned parallel (I para ) and perpendicular (I perp ). The time-dependent anisotropic response of the perovskite sample was generated via:
TRIR experiments were performed at the University of Bristol using an established spectrometer. [3] 760 nm pumppulses were chosen to excite perovskite samples just above the FAPbI 3 bandgap, and the broadband mid-infrared pulses were centred at 1725 cm -1 .
III. RESULTS AND DISCUSSION
Two-dimensional infrared spectra were dominated by two main features (see Fig. 1(a) for t 2 = 250 fs): a negative feature centered on the diagonal (black dashed line) of the frequencyfrequency correlation spectrum. This signal arises from overlapping ground state bleach (GSB) and stimulated emission (SE) pathways associated with the C-N antisymmetric stretching vibration of the FA + cation. A positive signal is also evident at 1 = 1713, 3 = 1706 cm -1 , and is the corresponding excited state absorption (ESA) signal. The spectral line shapes associated with the GSB/SE and ESA 978-1-5386-5336-4/18/$31.00 ©2018 IEEE features in 2DIR spectra were broadly time-independent and homogeneously broadened.
The time-dependent anisotropic response for the GSB/SE is displayed in Fig. 1(b) and fit to a biexponential function (plus offset). This analysis returned 470 50 fs and 2.8 0.5 ps time constants (R 2 > 0.999), revealing that the formamidinium cation re-orients rapidly within the lead iodide lattice, meaning that the barrier to rotation must be very small compared to thermal energy at room temperature. Consequentially this means that the organic cations are unlikely to align for any meaningful length of time and form ferroelectric domains, counter to prior experimental and theoretical reports. [1] , [2] Our observations are reminiscent of those made for lead-iodide perovskites incorporating smaller methylammonium cations. [6] TRIR experiments explored the response of the formamidinium cations in the conduction band. These data are displayed in Fig. 2 . Each spectrum is dominated by two positive features. The first is a sharp peak at 1718 cm -1 and thus attributed to a molecular vibration. This vibrational transient is festooned on a broad feature that spans all probe frequencies, with the latter assigned to electronic intra-band transitions within the conduction band. We do not observe any negative features associated with "bleaching" pathways as expected in typical TRIR line shapes. We rationalize this observation based on the following: 760 nm light generates electrons and holes in the form of either free carriers or polarons. This increases the internal electric field of the perovskite thin film and perturbs the electrostatic environment surrounding FA cations. In turn, this modulates the vibrational potential and shifts the associated vibrational frequencyinducing a vibrational Stark effect. We infer that the vibrational transition dipole moment associated with the antisymmetric C-N stretching vibration in the conduction band is also enhanced significantly such that it dwarfs any negative signals and has a comparable cross-section to the underlying electronic intra-band transient. Such observations are consistent with polaron formation inside thin semi-conducting films. As the TRIR line shape doesn't evolve between 200 fs t 2 3 ns, we infer that charge-carriers immediately take the form of polarons in our perovskite thin films. 
